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Abstract
Loess area is the region that geohazards happened most frequently, accounting for 1/3 of the geohazards in China. Cutting 
slope has become the most prominent products in human engineering activities and slope failure induced by rainfall has 
become the main form in recent years. Well-instrumented centrifuge model tests have been introduced to investigate the 
failure process and failure pattern, including pore water pressure, progressive deformation-failure process and characteristic 
of the high cutting slope by rainfall. The results show that rainfall induced loess slope failure is characterized by shallow slide 
to flow and two deeper creepage sliding-tension surfaces. All the sliding faces are characterized by planar surfaces parallel 
to slope surface. The planar sliding surface differs a lot to the circular sliding surface in the gravitational soil landslide. The 
accumulative deformation especially the abrupt displacement before failure induced the excess pore water pressure, after 
which flow failure with high-speed happened. The pore-water transducers on both sides of the shallow sliding surface have 
distinct response to slope deformation. The quantitative monitoring data indicates that the liquefaction is not the reason but 
the result of the deformation accumulation and big transient deformation.

Keywords  Intact clayey loess · Rainfall · Slide-flow · Planar sliding · Progressive deformation-failure process · Centrifuge 
model test

Introduction

The loess area in China is 6.3 × 105 km2, accounting for 
about 6.6% of China’s land area. Because of the big thick-
ness, loose structure, wide distribution of gully and ravine, 
and the big difference in terrain elevation in loess area, with 
the concentrated rainfall in certain months, the geoenviron-
ment is very fragile. Loess area has become the region in 
which geohazards happened most frequently, up to 1/3 of the 
geohazards in China (Peng et al. 2014). In recent years, with 
the development of urbanization process and the implemen-
tation of the strategy of western development, loess slope 
(man-made slope, such as road or highway slope, canal slope 
and cave slope) has become the most prominent products in 
human engineering activities, in which cutting slope is the 
main form. Owing to the close relationship with the lifeline 
engineering, the disaster would have significant amplifica-
tion effect once slope failure happens (Wu et al. 2013).

In recent years, the frequency, precipitation and dura-
tion of extreme rainfall have significantly increased (Huang 
et al. 2014). Shallow loess landslides induced by rainfall 
are very common in the Loess Plateau, not only in sandy 
loess area and typical loess area, but also in clayey loess 
area; and they usually cause great harm to life and property. 
Flood season in Yan’an city in July 2013 was characterized 
by group happening of geological disasters and the number 
was up to 8135, during which 45 people were killed (Wang 
et al. 2015). Continuous heavy rainfall from 20 June to 25 
July 2013 induced a large number of shallow landslides and 
debris flows in southern Tianshui, China, resulting in 24 
deaths, one missing person and 2386 collapsed houses (Qi 
et al. 2021). From July to October 2011, concentrated heavy 
rainfall induced 1200 shallow landslides, which resulted in 
a total of 7 casualties (Xin et al. 2015).

In terms of research on rainfall-induced shallow landslides, 
many explorations to hydraulic responses, the characteristics 
and mechanism of failure have been carried out. The methods 
mainly include numerical modeling (Egeli and Pulat 2011; 
Ng and Shi 1998; Gavin and Xue 2008; Oh and Lu 2015; 
Li et al. 2013; Cascini et al. 2013; Wu et al. 2017; Sun et al. 
2021), field test (Ochiai et al. 2004; Tu et al. 2009; Sorbino and 
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Nicotera 2013; Lim et al. 1996; Sun et al. 2021) and physical 
modeling test (Take and Bolton 2002; Take et al. 2004; Tohari 
et al. 2007; Ling et al. 2008; Wang et al. 2010, 2021a; Zhang 
et al. 2012; Ling and Ling 2012; Hakro and Harahap 2015; 
Mohammad et al. 2017; Wu et al. 2017). Through a single 
layered infinite model, Li et al. (2013) found that the propaga-
tion of wetting front control the depth of failure plane. Oh and 
Lu (2015) expanded the traditional limit equilibrium and finite 
element methods to unsaturated conditions using a general-
ized effective stress framework and found that the actual fail-
ure occurred when the simulated factor of safety approaches 
its minimum below 1.0. Gavin and Xue (2008) proposed an 
infiltration model based on the Green-Ampt model and indi-
cated that the infiltration rate is controlled by the permeabil-
ity of the soil. Ng and Pang (2000) suggested that for the cut 
slope and the rainfall considered, the wetting stress-dependent 
soil–water characteristic curves should be considered. Through 
the research on the CL-ML type soil, Egeli and pulat (2011) 
found that all 35° slopes were failure by translational failure 
and for low degrees of saturation, menisci presence and suc-
tion effects govern shear strength behavior. The changes in 
matric suction and pore water pressure caused by rainfall 
infiltration are the focus of field experiments. It is generally 
believed that a decrease in matric suction can induce shallow 
landslides, and the initiation of landslides is generally related 
to a sudden increase in pore water pressure or the development 
of perched water tables (Ochiai et al. 2004; Tu et al. 2009; 
Sorbino and Nicotera 2013; Lim et al. 1996). Based on the 
highly instrumented centrifuge model test, Take et al. (2004) 
found that high-speed failures with low angle run-outs are eas-
ily triggered in model fill slopes from initially slow moving 
slips driven by localized transient pore water pressure arising 
from constricted seepage and material layering. Tohari et al. 
(2007) indicated that the hydrologic response forms the basis 
for the development pf a prediction methodology for rainfall-
induced failure. Centrifuge modeling of sand (sand-mixtures) 
slope instability showed that the instability of slopes during 
rainfall was due to a loss of matric suction that is equivalent 
to reduction in apparent cohesion and the circular mechanism 
was confirmed to be validated (Ling et al. 2008; Ling and Ling 
2012). The deformation-failure behavior could be influenced 
by cracks or weak layer during rainfall (Wang et al. 2010; 
Zhang et al. 2012). Through model flume, Hakro and Hara-
hap (2015) found that slope failure occurred due to increase in 
moisture content and rise in pore pressure and measurements 
of moisture content may be more reliable for early warning 
of slope failure. The flume tests on clean fine sand indicated 
that the failure surfaces are mostly translational and the fail-
ure mechanism is infinite-slope type landslide, highlighting 
the role of wetting front or matric suction (Mohammad et al. 
2017). The above research mainly focuses on water infiltration 
regularities and the process of failure initiation to clarify the 
underlying triggering mechanism of rainfall-induced shallow 

landslides, which deepen our understanding of this type of 
landslides.

However, although rainfall has been considered as a key 
role in slope instability in loess platform (Wang et al. 2015; 
Dijkstra et al. 1994; Sun et al. 2021), now only a few reports 
(Wang et al. 2015; Wu et al. 2017; Sun et al. 2021) are about 
loess slope by rainfall. The existing studies focus on field 
tests (Xu et al. 2013; Li et al. 2014; Sun et al. 2021) and 
reduced-scale model tests (Chen et al. 2013; Wang et al. 
2009; Wu et al. 2017), which mainly focused on the infiltra-
tion regularities. There is still lack of well-instrumented and 
documented physical models especially model tests at the 
prototype scale such centrifuge tests for the development and 
validation of some numerical model to reveal the nature of 
loess slope failure initiation and motivation. Furthermore, 
considering the wide distribution of loess in China and the 
wide and frequent development of avalanches and landslide 
induced by rainfall, it is worthy to carry out in-depth discus-
sion and research on slope deformation-failure process and 
its mechanism by rainfall. Meanwhile, in view of the special 
structure (include its cementation, big pores and numerous 
micro–macro joints) and mechanical properties (such that 
cutting slopes with angles in excess of the critical state fric-
tion angle are common) of loess, it is of great practical sig-
nificance to do researches by using intact loess sample. But 
until now there is none report about intact especially large 
intact loess block investigated in model tests at lab, which 
might be mainly because of the great difficulty, big cost and 
time consuming of obtaining big block of loess sample from 
the field.

This work aims to explore and analyze the underlying 
mechanism of the shallow clayey loess landslides induced 
by rainfall quantitatively through a well-instrumented cen-
trifuge model test. The rainfall infiltration regularities, pore 
pressure characteristics, the deformation-failure process of 
intact clayey loess would be reported and analyzed. The test 
was carried out on the geotechnical centrifuge at Hong Kong 
University of Science and Technology (HKUST). The slope 
model was constructed to simulate the cutting slope, with 
the ultimate height of 30 m. Based on the results, the pore 
water pressure characteristics, vertical displacement of the 
slope, the deformation-failure process, failure pattern and 
the mechanism of the slope were analyzed. Except the spe-
cial instructions, all the data or analysis in this paper is based 
on the model scale.

Sample collecting and soil properties

Later Pleistocene intact loess block measuring 
420 mm × 600 mm × 720 mm were obtained from the top 
of the Loess Plateau in Baoji (Fig. 1). Then, the sealed 
samples were placed into wooden boxes with quakeproof 
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cystosepiment (Fig. 1c) and transported to the laboratory at 
HKUST. Table 1 summarizes the basic physical properties 
of the studied loess in Baoji, which were determined follow-
ing the Chinese standards of Ministry of Construction (GB/
T50123, 2019). Figure 2 shows the loess particle size dis-
tribution. More details can be seen in the previous research 
by Liang et al. (2018).

Centrifuge model test

Centrifuge at HKUST

The model tests were performed on the geotechnical cen-
trifuge established at HKUST, with a rotating arm of 
approximately 8 m in diameter and the maximum modeling 
capacity of 400 g-ton (Fig. 3). A model of reduced size (n 
time smaller than full scale) may be used to simulate the 
full-scale slope by increasing the acceleration to n times 
gravity, namely the model slope would achieve the same 
stress–strain environment as the prototype slope. The scal-
ing laws of centrifuge modeling have been well established. 
The time scale for the rainfall event was also reduced by 
n in the centrifuge. Major scale factors in terms of model 
values divided by prototype values involved in this article 
can be derived as shown in Table 2. The model slope of 
500 mm high was simulated, the target g level was 60 g, 
and the rainfall intensity was 13 mm/h. The extreme case of 
slope failure by rainfall would be simulated, so the rainfall 

would be applied until slope failure, which needs the water 
chamber supplying rainfall continuously.

Rainfall system

The centrifuge is instrumented with an in-flight rainfall 
system which consists of water chamber and spray noz-
zles (Fig. 4). Water is supplied via water tube by hydraulic 
pump outside centrifuge machine. The pump provides water 
pressure of 55 kPa which is equivalent to pressure for tap 
water in Hong Kong. Water chamber provides an air-tight 

Fig. 1   Sampling in field a 
sampling; b intact loess sample 
sealed with wax; c binning

Table 1   Physical properties of loess used in this study

Physical property Value

Sand (%) 6.00
Silt (%) 74.00
Clay (≤ 0.002 mm) (%) 20.00
Clay (≤ 0.005 mm) (%) 28.00
Initial moist bulk density (g/cm3) 1.67
Natural moisture content (%) 18.84
Liquid limit (%) (10 mm) 33.53
Plastic limit (%) (10 mm) 20.80
PI (%) 12.73
Saturated permeability coefficient (10−6 m/s) 3.60

Fig. 2   Loess particle size distribution

Fig. 3   Geotechnical centrifuge at HKUST
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environment so that the water pressure can be raised up to 
the target pressure and the fixed rainfall intensity can be 
guaranteed.

Water chamber can supply water throughout the test 
through two-way valve control of the water way and air 
path: first couple for water (W_I and W_O) and another 
couple for air(A_I and A_O). The water is pressured when 
valve A_I is open and A_O and W_I are closed. If water is 
needed, air pressure must be released before adding water 
to water chamber. A_I is then closed, while A_O and W_I 
is now open. The operation of rainfall is controlled by valve 
W_O which is connected to spray nozzles. All 6 nozzles 
are LNN-1/4 hydraulic atomizing spray nozzles and brought 
from Spraying System and Co. with small orifice diameter 
of 0.51 mm. The drops achieve misting performance and 
this can minimize Coriolis effect. The nozzles are installed 
vertically downward to assure an adequate distribution of 

droplets covering soil area of 585 mm-length and 350 mm-
width. The rainfall intensity is calibrated between amount 
of water measured from nozzle and applied pressure. As the 
flow rate is controlled by applied air pressure, the effect of 
elevated gravity on water flow is not significant.

Slope geometry and boundary conditions

Figure 5 shows the elevation and plane view of the model 
slope and the elevation and plane view of the rainfall noz-
zle distribution. The nozzles are installed vertically down-
ward to assure an adequate distribution of droplets covering 
soil area. The model container has internal dimensions of 
1245 mm in length, 350 mm in width and 851 mm in height. 
The inclination angle of the model slope is 52°, which is typ-
ical among cutting slopes in Baoji. The model slope height 

Table 2   Relevant scaling laws 
to this study (after Taylor 1995)

Types Physical quantity Unit Scale factor 
(model/prototype)

Note

Physical dimensions Length (l) m 1/n n = 20,40,50,60
Displacement(s) m 1/n

Material characteristics Density(ρ) kg/m3 1
Mass kg 1/n3

Unit weight(γ) N/m3 n
Cohesion(c) Pa 1
Internal friction angle (φ) ° 1
Stress (p) N/m2 1
Strain (ε) – 1

Rainfall Time (seepage) s 1/n2

Pore fluid velocity m/s n
Rainfall intensity m/s n

Fig. 4   In-flight rainfall system
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is 500 mm (the ultimate height was 30 m in prototype when 
failure occurs).

The left, right and bottom boundaries of the model slope 
were set impermeable and mechanically fixed. Rainfall 
simulators were mounted with the strongbox to allow fixed 
rainfall intensity and duration to be applied and controlled 
during the test in flight. Any surface runoff was drained 
through holes at the bottom of the strongbox.

Model preparation

First, the wax seal of the intact loess soil block was opened 
and the completeness of soil sample was checked. Then, soil 
slope model of 52° was cut from the rectangular block. It 
should be noted that the evenness must be guaranteed. On 
the one hand, it is advantageous for soil surface and glass 
surface inosculating with each other; on the other hand, local 
stress concentration caused by the bad evenness could be 
eliminated, otherwise, soil rupture could be induced. Pore-
water pressure transducers (PPT) were inserted through the 
pre-drilled holes of the model perpendicularly to the slope 

surface. The perspex wall and its opposite wall with silicon 
grease were put back to the strongbox to cover the soil slope. 
The final slope model is shown in Fig. 6. Figure 7 shows the 
typical setup of the centrifuge model package for rainfall 
test.

Instrumentation and input

During the model slope construction, miniature pore pres-
sure transducers (PPT, DruckPDC 81) were installed at spec-
ified locations of the slope model as shown in Fig. 5a and b, 
for monitoring the response of pore-water pressure (PWP). 
The PPT locations were purposely chosen for measuring 
PWP changes in the model slope surface. Before installa-
tion, each PPT was subjected to a rigorous saturation and 
calibration procedures described by Zhou et al. (2006). Each 
PPT was able to measure PWP as low as − 75 kPa reli-
able without any sign of hysteresis and cavitation. It should 
be mentioned that, some PPTs in the test malfunctioned or 
desaturated during spinning up or during centrifuge test 

Fig. 5   Schematic diagram of model configuration (unit: cm) transducers a elevation view; b plane view; nozzles c elevation view; d plane view



	 Environmental Earth Sciences (2024) 83:352352  Page 6 of 17

in-flight. Thus, only the PPTs that were working well are 
shown in the results.

Linear variable differential transformers (LVDT) were 
installed on the top of the slope at the designated loca-
tions as shown in Fig. 5a and b for monitoring the vertical 
displacement of the slope. Each LVDT was also subjected 
to a rigorous saturation and calibration procedures. The 
deformation of the loess slope have been measured by an 

image-based system of deformation measurement which 
combines the technologies of digital imaging, the image 
processing technique of particle velocimetry (PIV), and 
close-range photogrammetry (White et al. 2003). Using 
this technique, the deformation-failure process could be 
captured and evaluated quantitatively, Meanwhile, PIV 
operates on the image texture which avoids resorting to 
embedded target markers.

Fig. 6   Model preparation of 
intact loess slope a side view; b 
front view

Fig. 7   Typical setup of the 
centrifuge model package for 
rainfall test
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Results and analysis

PWP in slope

The hydrological response of the intact loess slope under 
heavy rainfall was shown in Fig. 8. Rainfall infiltration and 
pore-water pressure change are progressive; namely, PWP 
gradually increased with wetting front movement. The water 
content near slope foot increased faster than any other part 
of the slope as shown in Fig. 8. Before slope failure, the 
pore-water pressure increases after each rainfall and then 
stabilizes at a certain level. However, when the slope is 
damaged, the pore-water pressure shows a sharp increase or 
decrease (Fig. 8). Near 18,100 s, the transient responses of 
PWP at different position were opposite, such as the tran-
sient increase of PPT1, PPT3 but transient decrease of PPT2, 

PPT4 and PPT8. Transient response of PPT is the direct 
reflection of slope deformation and failure.

Vertical settlement of the slope

Figure 9 shows the vertical settlement of the slope. As shown 
in Figs. 8 and 9, the settlement increases with the increasing 
g level and rainfall infiltration. LVDT-1-3 show abnormal 
during the test, mainly due to the big settlement out of the 
scale range of LVDT. The settlement is limited before 20 g, 
after which it increases rapidly especially when g level reach 
60 g (approaching 16,538 s). It should be noted that the set-
tlement has a sharp increase after rainfall at 60 g, and then, 
the PWP shows sharp increase or sharp decrease (Fig. 8). 
The transient settlement reach 2.7 mm around, correspond-
ing to 160 mm in prototype; and the total accumulative 

Fig. 8   PWP characteristics during rainfall a PPT near slope surface; b PPT relatively far from the slope surface
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settlement reaches 15 mm, corresponding to 900 mm in 
prototype, slope failure happened.

Failure process and characteristics of slope

The special distribution of displacement vectors presented 
in Fig. 10 clearly demonstrates the progressive deformation-
failure process and characteristics. As shown in Fig. 10, 
vertical settlement is evident and dominant during each g 
level increase, but the deformation by rainfall is very little 
before 60 g (not shown in Figures). It is consistent with the 
macroscopic displacement monitored by LVDT in Figs. 8 
and 9. Evident displacements can be observed during the 
rainfall infiltration at 60 g, and the displacement vector has 
the tendency inclining to the slope surface and the slope 
toe, indicating the creep deformation toward the slope sur-
face and the slope toe. With the creep movement outward 
and downward, thin tension crack appeared (Fig. 10d-2). 
Cracking should occur at the crown, but only the part we 
can see was depicted and the covered part by glass sealant 
was ignored. As shown in Fig. 10d-3–9, the crack developed 
and deepened with increasing length and aperture till slope 
failure happened. Cracking was closely related to the creep 
behavior of the slope. Furthermore, cracks accelerate rain-
fall infiltration and furthered the increase of the saturation, 
further decreasing the overall shear strength. So cracking at 
the crown was a key factor controlling slope failure.

The displacement vector map (Fig. 10) clearly dem-
onstrated the movement direction of the soil and the big 
deformation and instability zone of the slope by rainfall. 
Meanwhile, it also well indicates the potential slide sur-
face shown as yellow dotted in Fig. 10d-1–9. The potential 

sliding surface developed and deepened with rainfall till the 
sliding surface formed and the shallow slide-flow happened. 
The shallow failure depth is around 80–100 mm (as shown in 
Fig. 10d-8–9, corresponding to 4.8–6.0 m in prototype slope, 
belonging to shallow failure induced by rainfall in loess area. 
It is consistent with the sliding surface predicted by PWP. In 
addition, the upper deeper sliding surface is nearly straight 
which hints the deep shear movement of the soil.

Furthermore, the two potential sliding surfaces especially 
the shallow one is parallel to the slope surface, which was 
mainly affected by the wetting front during the rainfall. Ide-
ally, the wetting front is a plane parallel to the slope surface 
if rainfall infiltration is uniform at the surface. Wetting front 
indicates the decrease of matric suction, i.e. an increase in 
pore-water pressure (Fig. 8). With the decreasing matric suc-
tion, slide-flow failure happened in the surface soil with two 
deeper potential sliding surfaces being clearly observed. The 
planar sliding is a marked feature of the landslide by rainfall-
infiltration. Meanwhile, deeper sliding surface is character-
ized by straight sliding surface indicating creep shear move-
ment and expending crack. So the slope failure synthesized 
the shallow slide-flow failure and deep creep-cracking.

In addition, several parallel tension cracks can be 
observed on the slope crown, mainly vertical downward. 
The abundant vertical joints in the loess, settlement crack 
in the settlement process and the tensile stress induced in 
the sliding process make the parallel cracks develop on the 
slope crown. It is important in the development of the high 
and steep head scarp. The height of the head scarp is about 
10 m in prototype (about 160–170 mm in model scale).

Small holes of < 2 mm can be observed in slope crown, 
also along the surface of rupture at the head scarp, which 

Fig. 9   Vertical settlement by LVDT
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may be induced by rainfall infiltration. Some fissures and 
minor cracks are also well developed. On one hand, they 
are good for water infiltration; on the other hand, they can 
develop into major or large crack as an infiltration chan-
nel of advantage. In loess area, holes or cracks could be 
common along landslide boundary especially on the crown 
induced by tension stress or unload of the soil. With time 
going, the holes develop into a continuous big crack which is 
an infiltration channel of advantage. The holes promote the 
development of landslide; meanwhile, the landslides induce 
more holes development along the landslide boundary. The 
process will not stop until the landslide reaches a steady 
state condition.

Morphological characteristic s of the sliding surface

Closer examination was conducted on the horizontal and 
vertical distribution of the displacement of the slope at dif-
ferent positions from top to bottom (shown in Fig. 11). The 
results clearly indicated that the displacement decreased 
with increasing distance from the slope surface at a certain 
elevation. The displacement is very small and can be ignored 
at some positions. The position where displacement could 
be ignored is the potential sliding surface in the deeper soil 
far from slope surface. The position where the displacement 
has abrupt change could be taken as the potential easy-slid-
ing surface at a shallower place. The surface soil has big 
deformation, which can’t be captured by PIV, which is only 
designed for small deformation. So there are only several 
discrete displacement points in the large deformation area. 
Through the quantitative analysis of displacement at differ-
ent positions along Y = 360 mm and Y = 250 mm as exam-
ple (Fig. 12), it also indicates the larger deformation near 
the slope surface at each elevation. Meanwhile, the upper 
displacement is bigger than the lower part, and the vertical 
displacement (V-displacement) is bigger than the horizontal 
displacement (H-displacement) as shown in Fig. 13 taking 
X = 160 mm as example.

Failure patterns of slope

Figure 14 shows the failure patterns of the slope after test. 
During the intensive and continuous rainfall condition, creep 
sliding happened first at the foot of the slope, and then ten-
sion cracks developed at the slope crown. Two deeper con-
tinuous sliding surfaces can be observed clearly, which are 
mainly creepage sliding-tension type. It can be imaged that 
after the shallow failure, the deeper failure along the shear 
sliding plane would happen. So the multi-sliding retrogres-
sive landslides would be dominant in the future till the slope 
reaches a new equilibrium state.

With the deformation accumulation and the sharp 
increase of displacement before failure, excess pore water 

pressure appears near the foot of the slope (Fig. 8). Sudden 
instability of the slope induced flow failure of the surficial 
soil at high speed. So the failure pattern of the slope in the 
model test is composed of shallow slide-flow and the deeper 
creep-cracking.

Discussion

PWP characteristics and flowslide failure

The opposite response of the PWP (Fig. 8) to the slope 
failure is mainly due to different behavior of soil contrac-
tion or unloading at the failure. The sharp decline of PWP 
(Fig. 8b) mainly indicated transient unload of the slope due 
to slide-flow of the outer surface, which is a strong proof 
of slop failure. Loess fabric and structure was broken with 
soil contraction followed, and then the sharp rise of PWP 
(Fig. 8a) appeared. Namely, the slope failure was followed 
by the sharp increase of excess pore water pressure. The 
phenomenon is common in the granular material, as stated 
by Iversion et al. (2000). Futhermore, the sharp increase of 
PWP may indicate the local liquefaction of loess occurred 
at the slope toe.

The abrupt vertical settlement monitored by LVDT 
(Fig. 9) is very critical for the formation of the excess pore 
water pressure, with the earlier accumulative deformation. 
Liquefaction happened after that and sliding transferred 
to flowing. Figure 8 certificates that the liquefaction is not 
the reason but the result of the deformation accumulation 
and big transient deformation (Eckersley 1990). According 
to Wen and Yan (2014), Jiang et al. (2014) and Liu et al. 
(2015), the breakage of cementation bonds is the essence 
of loess strength reduction and ultimate deformation and 
failure. During the rainfall-induced wetting process, the 
combined action of the decreasing matric suction, the pro-
gressive breakage of the cementation structure and the 
redistribution and migration of the soil grains leads to the 
deformation and even failure of loess slope. The breakage 
of the structure and cementation bonds dominates the defor-
mation at the earlier stage, so the change of the pore water 
pressure is not evident; but the shear deformation dominates 
the later stage, during which soil contracts heavily. Then, the 
excess pore water pressure was produced in the local soil 
mass especially the soil near the slope toe. The water pres-
sure was difficult to dissipate. Soil behavior changes from 
drainage shear to undrained shear. Liquefaction happened. It 
could be concluded that both the wetting-induced deforma-
tion and shear deformation contributed to the increase of the 
pore water pressure and leaded to the slide-flow movement 
of the loess slope; but the shear deformation dominants the 
last excess pore water pressure and the liquefaction.
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Obviously, it is a complex chain process (Buscarnera and 
Prisco 2013): consisting of instability of loess slope, the 
transition from drained condition to undrained condition, 
the excess pore water pressure and eventually, catastrophic 
liquefaction of the loess. In fact, the chain process easily 
and widely exists in the soil slope failure as investigated by 

various researchers (Take et al. 2004; Ochiai et al. 2004; 
Buscarnera and Prisco (2013); Leng et al. 2018; Xu et al. 
2012). Loess has an collapsive internal structure (Liu et al. 
2015). Under long term rainfall infiltration, instability was 
induced, then the metastable structure collapsed and the 
material liquefied, triggering failure with high speed.

Planar sliding

Two parallel sliding surfaces could also be observed in the 
displacement distribution maps (Fig. 11). It also coincides 
with the displacement vector map (Fig. 10). Both the quali-
tative analysis (as shown in Fig. 10) and the quantitative 

Fig. 10   Deformation-failure process and characteristic of the slope: 
displacement vector map during g level rising to a 40  g; b 50  g; c 
60 g; rainfall at different time duration (h min s) at 60 g: (d-1) 00 00 
00–00 06 51, (d-2) 00 06 51–00 07 51, (d-3) 00 07 51–00 08 03, (d-
4) 00 08 03–00 08 15, (d-5) 00 08 15–00 08 21, (d-6) 00 08 21–00 08 
27, (d-7) 00 08 27–00 08 32, (d-8) 00 08 32, (d-9) 00 08 32

◂

Fig. 11   Displacement distribution map a horizontal displacement; b vertical displacement
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analysis (as shown in Fig. 11) certificate the planar slid-
ing and failure of the slope by rainfall. In the centrifuge 
test on compacted loess slope, the planar sliding was also 
observed (Fig. 15). The compacted loess has the same geom-
etry with the intact loess slope. Due to much less rainfall 
before instability than that in the intact loess slope, no sub-
sequent liquefaction or flow occurred after the initial sliding. 
However, except the different depth of the sliding surfaces, 
the failure patterns are nearly the same. Both the intact and 
compacted loess slopes developed a shallow planar sliding 

surface (Fig. 15). The planar sliding surface differs a lot to 
the circular sliding surface in the gravitational soil landslide 
(Petterson 1955). The nearly planar sliding surface indicates 
a nearly uniform decrease of the matric suction along the 
wetting front, which is parallel to the slope surface by rain-
fall infiltration. The same phenomenon is also reported in the 
studies of rainfall-infiltration-induced dry ash dump land-
slide (Fourie et al. 1999), sand landslide (Mohammad et al. 
2017; Wang et al. 2021b), and also loess landslides (Wu 
et al. 2017; Sun et al. 2021; Wang et al. 2021a).

Fig. 11   (continued)



Environmental Earth Sciences (2024) 83:352	 Page 13 of 17  352

Fig. 12   Quantitative analysis of displacement with time at different positions along (a-1–2) Y = 360 mm; (b-1–2) Y = 250 mm

Fig. 13   Quantitative analysis of displacement at different positions along X = 160 mm
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Matric suction plays an important role in the stability of 
unsaturated slopes (Lim et al. 1996; Fourie et al. 1999; Kim 
et al. 2004; Gu et al. 2019; wang et al. 2021b; Giuseppe and 
Marco 2013). The planar failure mode is mainly controlled by 
the wetting front or matric suction (Fourie et al. 1999; Wu et al. 
2017; Mohammad et al. 2017; Wang et al. 2021a, b). Rainfall 
is evenly distributed along the slope surface, so the wetting 
front is nearly parallel to the slope surfaces especially at the 
initial stage which is determined by the conductivity. Matric 
suction decreases with the descending wetting front (Wang 
et al. 2021b; Zhao et al. 2021). The shear surface developed 
mainly in the superficial part of the slope, coinciding with the 
infiltration depth (Sun et al. 2021; Wang et al. 2021b). The 
failure mechanism is shallow, infinite-slope type (Mohammad 

et al. 2017). It was certificated by the simulation test using 
seepage/w by Wu et al. (2017) and Wang et al. (2021a), where 
it is obviously that the wetting front is parallel with the slope 
surface. Of course, due to the seepage, the wetting front near 
the toe part maybe thicker than the upper part (Wu et al. 2017). 
The final sliding surface may be not planar, which is also con-
trolled by wetting front or matric suction. In recent years, 
the shallow planar landslides induced by intensified rainfall 
is reported frequently, such as the heavy rain-induced land-
slide in weathered granite (Dahal et al. 2009) and that in the 
loess region (Wang et al. 2015). They are all characterized by 
shallow translational sliding surfaces. According to the instru-
mented experiment in this study, the planar sliding surfaces are 
mainly controlled by matric suction or wetting front.

Fig. 14   Failure pattern of the slope a side view; b front view; c sketch of profile map
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Conclusions

An intact clayey loess slope model test by rainfall was car-
ried out on a centrifuge, well instrumented with PPT, LVDT 
and PIV, to clarify the process of failure initiation and the 
progressive deformation-failure process of the loess slop. 
The following major conclusions are drawn from the analy-
sis of results.

1.	 Rainfall-induced slope failure is characterized by shal-
low slide to flow and two sliding surfaces of creepage 
sliding-tension type. The accumulative deformation and 
the abrupt settlement before failure induced the excess 
pore water pressure, after which flow failure with high 
speed happened. The excess pore pressures were gener-
ated during rather than before movement, and liquefac-
tion was a result of shear failure rather than the cause. 
The water pressure in both sides of the shallow slid-
ing surface has opposite response to the slope failure, 
pressure increase or decrease due to soil contraction or 
unloading.

2.	 There exist two failure faces, which are characterized 
by planar sliding surfaces nearly parallel to the slope 
surface. Wetting front by rainfall is nearly parallel to 
the free surface. The planar sliding differs a lot to the 
circular sliding surface in the gravitational soil landslide.

3.	 LVDT data shows that the vertical settlement increase 
with the decreasing matric suction. PIV analysis results 
show that the displacement at the slope surface is big-
ger than that in the deeper position. Meanwhile, the 
upper displacement is bigger than the lower part, and 
the V-displacement is bigger than the H-displacement.

4.	 The failure pattern of rainfall-induced intact clay loess 
slope is composed of shallow slide-flow and the deeper 
creep-cracking. Cracks on the crown become infiltration 
channels of advantage, accelerating slope failure. Multi-
sliding retrogressive landslides would be dominant in 
the future till the slope reaches a new equilibrium state.
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